Abstract-A recombination of active defect in very high lifetime Czochralski grown n-type silicon wafers, which can be thermally deactivated at 150°C, is described. In addition, the existence of a recently measured defect, which is deactivated at 350°C, is confirmed. Both defects are found to significantly degrade the lifetime of millisecond-range Czochralski-grown n-type silicon wafers: a material widely used for high-efficiency solar cells. The observed deactivation temperature suggests that it may be caused by vacancy-phosphorus pairs. The deactivation temperature of the second defect is consistent with the presence of vacancy-oxygen (V-O) pairs.
silicon wafers. In any case, the impact of such intrinsic point defects on the minority-carrier lifetime remains unclear.
A recent study from Rougieux et al. [14] has demonstrated that a lifetime-limiting defect in the as-grown state of Cz n-type silicon can be thermally deactivated between 300 and 350°C. It was suggested that the defect was related to intrinsic point defects, possibly vacancy-oxygen (V-O) pairs.
In this paper, we further investigate the thermal stability of grown-in point defects in the as-grown state of high lifetime Cz n-type silicon wafers using minority-carrier lifetime measurements. In addition to the defect observed by Rougieux et al., we also observe a second defect, which is thermally deactivated at even lower temperatures. We have determined the deactivation temperature range and annihilation activation energy of this second lower temperature defect.
II. EXPERIMENTAL METHODS
The samples used in this study were three n-type Cz grown monocrystalline phosphorous-doped silicon wafers. All wafers had a diameter of 4 in and thickness of 1 μm and were not subject to any thermal treatment after being sawn from the ingot. Two wafers had a resistivity of 0.4 Ω · cm, and one wafer had a resistivity of 0.75 Ω · cm. All wafers were diced into quarters. The study of the annihilation mechanism of the defects was performed at temperatures between 100 and 450°C. For temperatures below 250°C, wafers were annealed in a conventional oven in air. For temperatures higher than 250°C, the samples were annealed in a quartz tube furnace in nitrogen ambient. The annealing was followed by rapid cooling in air.
The thermal stability of grown-in defects was then investigated using minority-carrier lifetime measurements with a room-temperature surface-passivation technique [15] . In this technique, silicon wafers were prepared by etching the samples for 10 min in 25 wt% tetramethylammonium hydroxide (TMAH) at 60-70°C and, subsequently, cleaned using RCA1 at ∼70°C for 10 min. This etch and clean procedure was performed before each passivation round in order to remove surface defects and to ensure a low surface recombination velocity (S). Following the TMAH etch and RCA 1 clean, the silicon wafers were then immersed in a plastic container filled with 150 mL of 20 wt% HF and subsequently illuminated to activate the passivation, as described by Grant et al. [15] . The method allows bulk lifetimes well above 1 ms to be reliably measured. Immediately after illumination, the samples were measured by a transient photoconductance decay method using a WCT-120 Sinton lifetime tester. To account for any variations in surface recombination after each chemical treatment step, an n-type float zone (FZ) monocrystalline silicon wafer of resistivity 1.5 Ω · cm was used as a control. The same samples were reused for subsequent anneals at a given temperature. Each time, approximately 10 μm of silicon was removed by etching prior to each HF passivation.
III. RESULTS AND DISCUSSION
A. Temperature-Dependent Defect Deactivation Fig. 1(a) plots the injection dependence of the effective minority-carrier lifetime, where the hollow symbols correspond to the 0.4 Ω · cm samples annealed at 200°C for 0, 7, 30, and 80 min. Following the 200°C anneal, the samples were annealed at 400°C for 30 min. The graph shows an increase of lifetime from 600 μs (at Δn = 0.1 × n 0 ) in the as-grown state, to 850 μs after 7 min annealing. The lifetime increases to 1 ms after a further 23 min (30 min in total) annealing and remains at 1 ms after a total of 80 min, indicating longer annealing times would not further improve the lifetime. However, when the samples were subject to a 400°C anneal for 30 min, τ eff improves again from 1 to 1.5 ms.
To ascertain whether the improvements in τ eff were due to a reduction in bulk or surface recombination, the FZ control wafer underwent the same annealing sequence as the Cz samples. Contrary to the Cz samples, the lifetime of the FZ control remained stable, as represented by the solid symbols in Fig. 1(b) .
The lifetime of the 0.75 Ω · cm sample behaved similarl to the 0.4 Ω · cm sample, where the lifetime improved from 2.1 to 2.6 ms after 30 min annealing at 185°C and did not show significant change over a total of 3 h annealing at 185°C. The lifetime was then found to increase further to 3.4 ms after a 450°C anneal for 30 min. The lifetime data for the 0.75 Ω · cm material is shown in Fig. 2 . From these observations, it is found that the defects are recombination active and undergo a two-stage annihilation mechanism. In addition, the temperature range of the first stage defect is similar to the well-known boron-oxygen defect [5] , [16] . However, it is important to note that the only dopant species in the samples is phosphorus (no boron); hence, the observed defect is not related to the boron-oxygen defect. In addition, we do not observe any lifetime degradation after 24 h illumination for these samples when passivated by a-Si:H, providing further evidence that the defect is not the boron-oxygen defect.
In order to investigate the two-stage defect annihilation mechanism, we have determined the threshold temperature, at which the defect annihilation begins and the temperature at which it is complete. The samples were annealed for a fixed time of 30 min at different temperatures ranging from 100 to 450°C. To determine the change of defect concentration in the samples, the normalized effective defect density is calculated by [14] where τ eff0 is the measured effective lifetime in the as-grown state, τ eff −anneal is the annealed effective lifetime at any given temperature after 30 min annealing, and τ eff ∞ is the maximum lifetime where all metastable defects are suppressed. For practical purposes, we obtain τ eff ∞ by taking the average value of effective lifetime data of the wafers after an anneal of at least 2 h at 400 and 450°C to ensure that the effective lifetime has reached a stable value. In this paper, the normalized effective defect concentration was determined at an injection level of 10% of the net doping Δn = 0.1 × n 0 . Fig. 3(a) shows the remaining defect density after isochronal annealing of 30 min for temperatures ranging from 100 to 450°C. Data for both resistivities of 0.4 and 0.75 Ω · cm are shown. The uncertainty of the normalized effective defect density is estimated by assuming a ±5% uncertainty in the measurement of carrier lifetime [17] . The graph shows two annealing stages, as previously indicated in Figs. 1(a) and 2. For the first annealing stage, the normalized effective defect concentration remains flat below 150°C, and starts to decrease sharply between 150 and 200°C. The normalized effective defect concentration stabilizes between 200 and 300°C and starts to decrease again beyond that. For a 30 min anneal, the second annealing stage occurs between 300 and 350°C. The defect concentration then remains stable up to 450°C. The two annealing stages could involve two forms of the same defect, or two entirely different species of defect. This will be discussed in more detail in the next section. Similar results for the remaining defect density after isochronal annealing have been presented previously by Watkins [11] using EPR shown in Fig. 3(b) . The lower temperature defect in our samples is deactivated over a temperature range of 150 to 200°C, similar to the vacancy-phosphorous (V-P) pairs, as observed by Watkins. The higher temperature defect we observe is deactivated over temperatures ranging between 300 and 350°C, a similar range to the defect recently observed by Rougieux et al. In comparison with Watkins's data, this result lies closest to the V-O pairs.
The defect observed by Rougieux et al. [14] using the same minority-carrier lifetime and passivation techniques was observed in n-type Cz wafers of lower phosphorus concentration, with deactivation occurring over a temperature range of 300 to 350°C. However, in that study, no change of lifetime was observed in the lower temperature range that corresponds to the lower temperature defect reported in this paper. A possible reason for this is that the phosphorous concentration in the samples from the earlier study is approximately an order of magnitude less than in the samples used in this study. The fact that the samples with higher doping have higher effective defect densities supports the hypothesis that the lower temperature defect is caused by V-P pairs.
B. Activation Energy for Annihilation of the First-Stage Defect
An alternative possible way to identify the defect is through its characteristic annihilation energy. Thus, we have determined the annihilation activation energy E ann for the lower temperature defect, and compare it with the E ann values from the literature for known defects.
By monitoring τ eff versus the annealing time t, the effective defect concentration N * can be extracted from [16] 
where τ eff (t) is the effective lifetime of the sample after t minutes annealing at any given temperature. Fig. 4 shows the isothermal evolution of τ eff for five different temperatures ranging from 170 to 235°C. Note that the wafer used for the annealing at 185°C has a resistivity of 0.75 Ω · cm, while the remaining wafers have a resistivity of 0.4 Ω · cm, hence the lower starting defect concentration. The normalized effective defect concentration N * follows an exponential decay during the annihilation process
where N * 0 corresponds to the value of N * at t = 0, where the wafers are in the as-grown state. Thus, by fitting the isothermal experimental N * data with (3), the annihilation rate R ann (T ) at each temperature can be determined. As the annihilation mechanism of the defect is thermally activated, the annihilation activation energy E ann can then be obtained from an Arrhenius plot of the variation of R ann with temperature according to the following expression [18] , where k 0 is a scaling constant and k B is Boltzmann's constant
From Fig. 4 , we can see a clear exponential decay trend of the normalized defect concentration at five different temperatures. At 185°C, the exponential decay starts with a lower normalized defect concentration than others. For this temperature, a wafer of higher resistivity was used; however, the resistivity does not appear to have an impact on the annihilation rate. From these results, we then evaluate the R ann at each temperature. To determine R ann , we take the logarithm of both sides of (3). We then obtain a linearized equation of the form
As shown in (5), we can determine R ann by taking the slope of the linearized relationship using a least squares fit. However, if we use the data of N * close to 0, a large error in ln(N * ) results, and the slope of the linear regression is affected significantly. Therefore, in the following calculations, data which has reached ±5% of the maximum value of the lifetime is ignored in the calculation. The uncertainty of the activation energy is estimated by assuming a ±5% uncertainty in the measurement of carrier lifetime. Fig. 5 shows the least squares fit for the data from Fig. 4 . The linear regression fits well with the data and results in a good correlation of 0.98-0.993. Note that the large error bars for some of the data results from the value of N * approaching zero.
Using the R ann (T ) computed using (3) and (5), the variation of R ann with T is plotted in Fig. 6 . R ann is found to follow the Arrhenius law. We use a statistical method to calculate the prediction interval for ln(N * ), and estimate a confidence interval from the slope of the linear regression; thus, we can estimate the error in E ann . It gives a value of 0.57 ± 0.16 eV. However, the accuracy of the statistical method may be somewhat limited by the relatively small datasets in some cases and may, therefore, somewhat underestimate the final uncertainty.
The annihilation activation energy calculated using a more conservative error tracing method is 0.64 ± 0.44 eV. In this case, the large uncertainty in E ann results from the amplification of the error in N * after taking the logarithm. It can be considered as yielding a conservative upper and lower bounds for E ann .
Various studies have reported the annealing behavior of V-P pairs around 150°C. Hirata et al. [19] and Kimerling et al. [20] created V-P pairs by irradiating lightly doped FZ n-type wafers using a Co 60 gamma-ray source at room temperature; thus, allowing them to investigate the annealing characteristics of the V-P defect. Dannefaer et al. [12] utilized the same approach to create vacancies; however, they used n-type Cz wafers with an oxygen concentration of 1 × 10 18 cm −3 . The activation energy values from the literature are summarized in Table I .
It has also been previously shown that the annihilation activation energy of V-P pairs depends on the charge state. In order to compare the activation energy calculated in this study, we have to determine the charge state of V-P pairs. The charge state of the V-P pair depends on the Fermi level of the wafer and, thus, the doping density in the wafer and the energy level of the defect in the bandgap. Various studies have shown that [11] , [20] . In this study, the doping density of the samples is approximately 6.6 × 10 15 to 1.3 × 10 16 cm −3 . The V-P pairs in these samples are negatively charged at room temperature; however, in the temperature range of 150-200°C, the Fermi level shifts down to a value below or similar to the defect energy level (about EC −0.44 eV for 200°C and EC −0.39 eV for 150°C). Therefore, the V-P pairs are neutral during annealing. We compare our E ann result with V-P 0 in Table I . Our result lies in or close to the range of activation energy values reported above and best matches with Dannefaer's data (with similar sample conditions to ours). Dannefaer et al. also reported a second annealing stage and suggested that the annealing is associated with the phosphorus-vacancy-oxygen complex, which is stable at 250°C for at least 250 h but unstable at 300°C or above. Therefore, the defect found in the second annealing stage in this study may involve both phosphorus and vacancies and not simply V-O pairs.
A possible scenario has been suggested by Rougieux et al. regarding the formation of recombination active defects during ingot growth. Rougieux et al. suggested that during ingot cool down, free vacancies pair with oxygen around 360°C, other vacancies at around 270°C, and potentially phosphorus near 140°C. In that case, the lifetime was limited by what appears to be the V-O defect. In such a scenario, the V-O defect would correspond to defect 2 observed here, while defect 1 would be V-P pairs. Note that, in general, comparison between ingots and even within one ingot is not straightforward, as the vacancy concentration could potentially be significantly different [24] .
Finally, we note that DLTS measurements are unlikely to detect the defects studied here, due to their very low concentrations. Based on the typical values of carrier capture cross sections of 10 −14 cm 2 and the lifetimes measured with full defect activation, we estimate that the defect concentrations are below 10 10 cm −3 , which is below the sensitivity limit of conventional DLTS systems for wafers of the resistivities used here.
IV. CONCLUSION
In summary, we have studied a lifetime limiting grown-in defect in high-lifetime n-type Cz-grown silicon wafers. We also confirm the existence of another recently measured recombination active defect in n-type Cz grown silicon wafers.
The defects can be thermally deactivated in two different annealing stages. The first stage occurs between 150 and 200°C and the second stage between 300 and 350°C. We observe a threefold increase in the lifetime from 0.5 to 1.5 ms for the 0.45 Ω · cm samples and from 2 to 3.4 ms for the 0.75 Ω · cm sample at an injection level of Δn = 0.1 × n 0 . The annihilation activation energy measured for the first stage defect is estimated to be 0.57 ± 0.16 eV. A potential candidate for the first stage defect could be V-P pairs, which are known to anneal out in the temperature range observed by Watkins [11] . V-O pairs are a possible candidate for the second-stage defect investigated in this study. The suggestion that V-P pairs are responsible for the first defect is also supported by the heavier doping in the samples studied here, in comparison with the previous study in which they were not observed. However, the relatively weak agreement between measured annihilation activation energy and the values from literature indicates that the identification of the first-stage defect is speculative and other defect (maybe not seen in previous studies) could also be responsible. Together with a previous study, our results indicate that grown-in vacancy-related point defects formed during ingot growth can significantly affect the bulk lifetime of high-quality n-type silicon wafers. The mitigation of these defects during solar cell processing will improve the solar cell efficiency, especially for solar cells processed at low temperature such as heterojunction solar cells. An improved awareness of the presence and properties of these low-temperature defects should also allow better correlation between lifetimes measured in the as-grown state, as well as final device performance.
